Abstract
Introduction

1
Although microorganisms have been traditionally investigated as single-cell, planktonic entities, 2 analyses of bacterial communities in diverse environments have led to the conclusion that 3 planktonic growth rarely exists for microorganisms in nature [1] . Instead, bacteria preferentially 4 form self-organized assemblages --termed biofilms --composed of surface-adherent cells 5 embedded in a protective matrix comprised of extracellular polymeric substances (EPS) [1, 2] .
6
Encased in this matrix of biopolymers, microbial communities develop physically diverse 7 structures containing cell clusters, interstices, water channels [3] , and large mushroom-shaped 8 assemblies [4] [5] [6] [7] [8] [9] . The transition from planktonic to biofilm mode of growth, and biofilm Bacterial biofilms forming on damaged tissues [14] [15] [16] or on biomimetic devices [17] [18] [19] [20] , are a thereby reducing local antibiotic penetration [30, 31] .
27
Quorum sensing (QS) is a mechanism of intercellular communication used to collectively 28 coordinate group behaviors based on population density [32] [33] [34] [35] . This process relies on the 29 production, release, and group-wise detection of signal molecules called autoinducers (e.g.
30
acyl-homoserine lactones in Gram-negative bacteria) which rapidly diffuse in the liquid phase and 31 across cell populations, and accumulate in the biofilm over time. Experimental work suggests 32 that there is a positive correlation between QS and EPS production [36] [37] [38] [39] . For instance, in
33
Pantoea stewartii biofilms, approximately ten-fold increase in EPS production upon QS induction 34 was observed [38] . Cells exhibiting enhanced EPS production in the presence of 35 autoinducer molecules are said to be up-regulated. QS-induced EPS production allows a 36 biofilm to switch rapidly from a colonization mode to a protection mode [40] . The EPS 37 matrix confers structural integrity to the biofilm by providing mechanical strength, and reducing 38 the extent of cell detachment [41, 42] . In addition, the effect of QS-regulated EPS production on 39 biofilm architecture has been shown to be a function of the growth stages during biofilm formation It has been shown that giving up the conservation principles for fluid flow in the biofilm domain 1 leads to increased deviations with respect to concentration fields and fluxes [63] . The magnitude 2 of deviation is in some cases small (< 2 %, at slow bulk flow velocities of ~0.0001 m/s), and ), experienced within the intestine, and veins, have been shown to be 7 effective in simulating S. aureus biofilm colonization and development [64, 65] .
8
Using this domain geometry we were able to simulate biofilms containing up to 23368 ± 218 9 bacterial cells; recent individual-based models of biofilm formation and growth have shown that 10 simulations involving up to 10,000 bacteria are sufficient to demonstrate that all steps of biofilm 11 formation observed in experiments can be reproduced [66] .
12
Each bacterial cell in the grid is modeled and tracked as an independent unit, with its own set of 13 parameters (Table I) Table I while . The nutrient uptake rate is described by the Herbert-Pirt model (Eq. 1) [68, 69] .
where , , and represent the maximum specific growth rate, yield coefficient, and 29 maintenance coefficient of the bacteria, respectively, and is the half-saturation coefficient.
30
The nutrient concentration within each element of the domain changes because of consumption, 31 diffusion, and convection, and is given by
32
(1)
Here, is the nutrient diffusivity, and is the local fluid velocity. Diffusion coefficients A portion of the consumed nutrient is utilized by the bacterium towards endogenous metabolism.
10
The leftover nutrient is assumed to be converted to biomass with an efficiency called the yield
. The net accumulation of biomass is, therefore, given by:
Real biomass growth is governed by the specific growth rate, , and decay of biomass is 13 included by incorporating the maintenance coefficient, m, and yield coefficient, . This 14 allows for negative net biomass growth under low nutrient conditions.
15
Cell Division, Death, and Detachment
16
Cell division
17
When the biomass of a bacterium reaches twice its native value it divides into two daughter cells.
18
Whereas one daughter cell continues to remain in the same element as the dividing mother cell, the 19 other is pushed into a bacterium-free element in the immediate neighborhood. then given by
where is the probability of up-regulation, and is the probability of down-regulation.
8
Autoinducer Production and Transport
9
Up-regulated and down-regulated cells are assumed to secrete autoinducer molecules at constant 10 rates of , and , , respectively.
where , > , (Table I ). The secreted autoinducer is treated as a dissolved entity that is 12 transported via diffusion and convection. The time evolution of the autoinducer concentration 13 within the biofilm is given by
where is the autoinducer diffusivity, and Δ is the element volume. Eq. 8 is subject to the
15
Dirichlet boundary condition at the DBL ( , = 0), and the no-flux condition at the substratum.
16
EPS Production
17
EPS is treated as a discrete entity and is tracked individually in a manner similar to that of a 18 bacterial cell. EPS and bacteria are assumed to be capable of coexisting in the same element. 
(8)
production are assumed to occur concurrently from nutrient that is leftover after maintenance has 1 been accounted for. It is assumed that EPS is produced only by upregulated cells, at a rate given
where, is the yield coefficient for EPS, i.e. the efficiency with which nutrient that has not 4 been consumed for endogenous metabolism is converted to EPS. EPS division is handled similar 5 to cell division described above, wherein daughter "EPS cells" are placed into the nearest element 6 that does not contain EPS.
7
In QS + biofilms, upregulated cells secrete EPS and autoinducer molecules at an enhanced rate, 
Heterogeneity
12
Biofilm heterogeneity, ℎ, was defined as the extent of nonuniform distribution of a selected EPS production (Eq. 9), switching between up-and down-regulated states (Eq. 6), division, death, since it provides a convenient object-oriented framework that is well-suited for the individual 4 based model described here.
5
The parameter values used in the model are summarized in Table I . As a first step, we simulated biofilm growth dynamics for a QS-negative ( 
22
= 1 gm -3 ) (Fig. 2b) . Post-sloughing, due to the marked decrease in the total accumulated biomass,
23
the average nutrient concentration increased rapidly (Fig. 2b) .
24
The marked decline observed in the total biomass content of the biofilm at the end of the stationary 25 phase could be a consequence of either (i) annihilation of the bacterial population in its entirety, or
26
(ii) live cells detaching from the substratum (sloughing). To investigate which of these two 
30
Since the fraction of dead cells was much less than 1 under all conditions tested, we conclude that 1 the drastic reduction in the biomass is a consequence of live cells losing contact with the 2 substratum, because of cell death occurring in the lower layers of the biofilm.
3
The biofilm associated with the bulk nutrient concentration of 1 gm -3 exhibited a prolonged 4 stationary phase in which both the total biomass (Fig. 2a) and the fraction of dead cells (Fig. 2c) 5 remained virtually constant, indicating that a balance was established between the rates of biomass 6 formation and depletion. Sloughing did not occur under these conditions. This could be the 7 consequence of the fact that under these nutrient-depleted conditions cells die at a slow rate, which (Fig. 3b) . For C N,bulk = 4 gm -3 , first instances of cell death were observed at ~80 h; peak cell death 29 occurred at 100 h, and then remained virtually constant (Fig. 3c) . bulk nutrient concentrations (Fig. 4b) . Analogous to the variation of total accumulated biomass,
30
QS-induced upregulation of cells and EPS Production
22
the average EPS concentration in the biofilm also increased rapidly with time in the exponential 23 growth phase, before plateauing in the stationary phase (Fig. 4c) . The rate of EPS production 24 during the exponential growth phase was highest for the bulk nutrient concentration of 8 gm -3 , and 25 decreased for the lower bulk nutrient concentrations (Table II) . greater than 3600 gm -3 h -1 ), intermediate (blue; 425-3600 gm -3 h -1 ), and low (pink; less than 425 gm -3 h -1 ) 13 growth rates. 14 15
Next, we categorized cells into three groups based on their growth rates as follows: dormant cells
16
(growth rate less than 425 gm -3 h -1 ), and those exhibiting high (greater than 3600 gm -3 h -1 ), and (Fig. 7a) . In contrast, the nutrient concentration decreased monotonically with 6 decreasing distance from the substratum (Fig. 7b) , indicating that a large portion of the nutrient is 7 consumed at the surface, and in the intermediate layers leading to nutrition-depleted niches in the 8 depths. However, it should be noted that under these conditions nutrient concentration levels in 9 the lower layers was high enough to not cause cell death (Fig. 2c) .
10
The value of the maximal biomass and the height at which it occurred increased with time ( Fig.   11 7a). For instance, at 60 h maximal biomass is observed at a height of 12 µm (0.0014 µg). On the 12 other hand, at 110 h maximal biomass is observed at a height of 33 µm (0.0018 µg). Biomass in 13 the layers in close proximity to the substratum declined rapidly due to cell death occurring in this 14 region of the biofilm (Fig. 7c ). This can be explained by the fact that in the stationary growth 15 phase the nutrient concentrations reduced to very low levels (<0.2 ± 0.06 gm -3 ) within a distance of 16 24 µm from the substratum (Fig 7b) . This, in turn, is a consequence of the fact that cells in the 7c). Sloughing did not occur under these conditions (Fig. 2a) .
25
Interestingly, for the highest bulk nutrient concentration (8 gm -3 ), cell death happened due to 26 starvation (low nutrient consumption-to-maintenance ratio) whereas for the intermediate and low concentrations of 8 gm -3 , 4 gm -3 , and 1 gm -3 , respectively). Consequently, amongst the three bulk 34 nutrient concentrations studied, the nutrient consumption rates near the substratum were the lowest 35 for C N,bulk = 8 gm -3 compared to those for C N,bulk = 1, 4 gm -3 . A similar behavior was observed for 36 QS + biofilms (Fig. 7c ).
37
Thus, there was a negative correlation between the bulk nutrient concentration and nutrient = 8 gm -3 . This, in turn, causes the nutrient consumption rates to be high, consequently reducing the 4 availability of nutrients in the lower regions.
5
The areal porosity was minimal in the exponential growth phase (up to 80 h) (Fig. 7d) .
6
Subsequently, in the stationary phase, areal porosity increased with time. This is a consequence 7 of an upsurge in cell death events in the stationary phase, thereby creating cell-devoid pockets in 8 the interior of the biofilm. Maximal areal porosity was observed in the intermediate layers, and 9 decreased for layers closer to the substratum. This indicates that although the biomass density 10 near the substratum is low, the biofilm is more compact in this region. Prior to sloughing, the 11 biomass and nutrient distributions were found to be similar for the QS + biofilms (data not shown). For biofilms utilizing QS, the number of upregulated cells increased with time (Fig. 8a) , resulting 17 in a corresponding increase in the average autoinducer (Fig. 8b ) and EPS concentrations (Fig. 8c) .
18
Although the entire biofilm was primarily comprised of upregulated cells (Fig. 4a) , maximal 19 autoinducer and EPS concentrations occurred in the lower layers, and decreased farther away from 20 the substratum (Figs. 8b, 8c ). This could be explained as follows: nonuniform distribution of The no-flux boundary condition at the substratum results in the accumulation of the autoinducer in 26 the lower region of the biofilm. On the other hand, the Dirichlet condition applied at the DBL 27 causes the autoinducer in the top layers to be removed from the domain. In the stationary growth 28 phase, although biomass density near the substratum was low, EPS concentrations were high and 29 uniform. This is a consequence of the fact that EPS produced by cells prior to dying remains 30 within the domain, causing EPS to accumulate in this part of the biofilm. (Fig. 9a) . The QS + biofilm was more heterogeneous 14 compared to the QS -biofilm at all times tested (Fig. 9a) . This could be a direct consequence of 15 the nonuniform distribution of EPS in the QS + biofilm (Fig. 8c) . In contrast, the coefficient of 16 variation for the nutrient concentration increased monotonically with time in the exponential 17 growth phase for both bulk nutrient concentrations studied (Fig. 9b) . In the lag phase, nutrient 18 concentration was homogeneous throughout the biofilm (Fig. 9b) . In the early exponential 19 growth phase nutrient heterogeneity was maximal in the lowermost layers (Fig. 9d) . In the late 20 exponential and stationary phases, maximal heterogeneity was observed in the intermediate layers 21 (Fig. 9d ). This correlates with the observation that in the late exponential phase the proportion of 1 biomass in the intermediate layers is maximal (Fig. 7a ).
2
We next investigated the spatial variation of biofilm heterogeneity for the bulk nutrient 3 concentration of 8 gm -3 . At low time points (upto 60 h), biofilm heterogeneity was low 4 throughout the bulk of the biofilm, and was virtually independent of the distance from the 5 substratum. The heterogeneity showed a marked increase near the DBL because of the stochastic 6 nature of the cell division process in the top layers. Beyond 60 h, biofilm heterogeneity showed a 7 significant increase in the lower layers (Fig. 9c) . This is a consequence of the initiation of cell The key findings are summarized below: formation of a mushroom-like structure with a low-density, high-volume "head," supported by 16 a compact, low-volume "stalk" underneath. and stationary phases with maximal biomass occurring in the middle layers of the biofilm.
25
The heterogeneity and thickness of the lowermost layer increased with time, ultimately leading 26 to sloughing. This is a direct consequence of preferential cell death occurring in close 27 proximity to the substratum. 
